The influence of administering the methylated products choline and creatine on methionine irreversibleloss rate (ILR) and recycling from homocysteine has been investigated in sheep fed close to energy and N equilibrium. Two methods to estimate methionine recycling were compared. The first involved [U-'3C]methionine infused as part of a labelled amino acid mixture obtained from hydrolysed algal protein.
The influence of administering the methylated products choline and creatine on methionine irreversibleloss rate (ILR) and recycling from homocysteine has been investigated in sheep fed close to energy and N equilibrium. Two methods to estimate methionine recycling were compared. The first involved [U-'3C]methionine infused as part of a labelled amino acid mixture obtained from hydrolysed algal protein.
In this approach the isotope dilution of methionine with all five C atoms labelled (m + 5) will represent the ILR which does not recycle through homocysteine, while that which includes molecules with C-l-C-4 labelled will allow for loss of the labelled methyl (5)-C atom and replacement by an unlabelled moiety in the remethylation of homocysteine. The second method involved a combined infusion of [l-13C]-and [S-methyI-*H&nethionine. These two approaches gave similar data for methionine ILR which does not include label recycled to the amino acid from homocysteine but differed for recycled methionine fluxes. Consequently the two procedures differed in the calculated extent of homocysteine methylation under control conditions (6 v. 28 %). These extents of remethylation are within the range observed for the fed human subject, despite the fact that fewer dietary methyl groups are available for the ruminant. Using combined data from the infwions, significant depression of methionine recycling occurred in blood (P < 0.05), with a similar trend for plasma (P = 0-077), when choline plus creatine were infused. Wool growth, assessed by intradermal injection of [3S]cysteine, was not altered by supplementation with the methylated products. From changes in the label pattern of free methionine in aortal, hepatic portal and hepatic venous blood during U-13C-labelled algal hydrolysate infusion, the major sites of homocysteine remethylation appear to be the portal-drained viscera and the liver. This was confirmed by analysis of free methionine enrichments in various tissues following dual infusion of [1J3C]-and [Smethyl-2H&nethionine, with the greatest activities occurring in rumen, jejunum and liver. Of the nonsplanchnic tissues examined, only kidney exhibited substantial methionine cycling; none was detected in muscle, heart, lung and skin. The implications of methyl group provision under net prduction conditions are discussed.
Methioniue: Methylation: Stable isotopes: Wool growth
Methionine plays a crucial role in mammalian metabolism: first, as an essential amino acid; second, as a precursor of cysteine biosynthesis; third, as the key intermediate in methyl group transfer. Over 100 methylation reactions involving methionine are known, including the synthesis of key metabolites (e.g. phosphatidylcholine, creatine, carnitine etc.) as well as regulation of DNA activity and oncogene status. Methionine is converted to Sadenosylmethionine (SAM), the methyl group donor, and then to homocysteine to form one part of a substrate cycle. The back reaction involves either betaine or tetrahydrofolate as the provider of a C, unit to convert homocysteine to methionine (Finkelstein & Martin,
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1984). In human subjects, methyl group flux through SAM has been calculated as more than double methionine intake and, therefore, considerable remethylation of homocysteine is required (Mudd & Pool, 1975) . The problem may be even greater for the ruminant because many precursors or products of transmethylation present in the diet are destroyed by rumen microbial action, e.g. trimethyl choline is catabolized to monomethyl betaine (Neil1 et al. 1979). Methionine flux through the substrate cycle may be increased, therefore, to maintain adequate supplies of SAM. Both methionine and homocysteine, when present in large quantities, are toxic to cells and accumulation of either may be prevented by two alternative catabolic routes : the methionine transamination sequence (Benevenga et al. 1983) and homocysteine entry into the trans-sulphuration pathway (Finkelstein & Martin, 1984) . Consequently, temporal imbalances in the supply of either methyl group acceptors or donors may result in stimulation of net methionine catabolism and, thus, contribute to the amino acid often being limiting for ruminants fed on forages. Such considerations raise three important questions. First, are the rates of methylation of homocysteine relative to methionine flux greater in the ruminant than the nonruminant? Second, does provision of supplemental methyl group acceptors reduce homocysteine formation from methionine? Third, can this then lead to reduced methionine catabolism and, thus, an enhanced availability for protein synthesis? Aspects of these questions have been addressed in the current study by examination of changes in ovine methionine flux in response to intravenous infusion of choline plus creatine.
MATERIALS A N D METHODS

Animals and surgical preparations
The data for the current study were collected from the four sheep, prepared with vascular catheters across the portal-drained viscera, liver and into the jugular veins, reported elsewhere (Lobley et al. 1996) , which includes details of ration, intake and the frequency of feeding.
Experimental
The main procedures have been described elsewhere (Lobley et al. 1996) . Briefly, the four sheep were each subjected to two treatments which were alternated between animals with 14 d between each treatment. Treatment 1 consisted of daily infusions of a mixture of lysine (1.5 g) and histidine (0.5 g) dissolved in sterile saline (8.9 gNaCl/l) into the mesenteric vein at a rate of 20 g/h, and a similar quantity of sterile saline into the jugular vein. The infusion of lysine and histidine was to increase the possibility that methionine would be the first limiting of the essential amino acids. In treatment 2, creatine (1-0 g/d) was added to the amino acid infusate while choline bitartrate (0.5 g choline equivalent/d) was infused into the jugular vein. Substantial choline and phospholipid secretion occurs in bile, with much recovered by re-absorption from the gastrointestinal tract (GIT), but to minimize activation of this secretion-absorption loop the choline was infused into the jugular vein and, thus, allowed better availability to the peripheral tissues. All infusates were adjusted to pH 7.4. Each treatment infusion was continued for 8 d and on day 5 the equivalent of 1 g U-13C-labelled algal hydrolysate was infused via a second jugular catheter for 10 h and hourly integrated blood samples taken over the last 4 h of infusion, from the aorta, the hepatic portal vein and hepatic vein (Lobley et al. 1996) . On day 8 the sheep received a second continuous infusion into the jugular vein; this involved an equimolar mixture (each 0-38 mmol in 200 g sterile saline) of [l-13C]methionine (99 atom YO; MSD Isotopes, Montreal, Canada) and [S-methyl-2H3] methionine [98 atom % ; Tracer Technologies Inc., Somerville, MA, USA) plus 40000 IU heparin. Infusion rate was 0.038 mmol/h and arterial blood only was collected as hourly integrated samples over the last 4 h of infusion. Blood samples for determination of natural abundance (i.e. 'background') were taken 24 h before the start of each infusion of stable isotopes.
As an index of changes in methionine status, wool growth was measured by radiolabelling of wool fibres with intradennal injections of [35S]cysteine (Aurousseau et al. 1993) during treatment periods and the intervening intervals. A minimum of 5 d was allowed between successive injections.
In order to examine tissue contributions to methylation of homocysteine, short infusions (3 h) of equimolar amounts of [l-13C]methionine and [S-methyl-2H3]methionine (0.038 mmol/h) were performed while the animals were infused with just lysine and histidine. At the end of infusion the animals were killed by an intravenous injection of pentabarbitone and samples of rumen, jejunum, liver, m. longissimus dorsi, heart, kidney, lung and skin were rapidly excised and frozen in liquid N,.
Analyses Methionine in blood and plasma from both stable isotope infusions was processed for gas chromatograph-mass spectrometry (GCMS; Trio-1, VG Masslab Ltd, Crewe) as the t-butyldimethylsilyl derivative (Calder & Smith, 1988) , using electron-impact conditions. Fragment ions were monitored at m/z of 320, 324 and 325 for [U-'3C]methionine (equivalent to m+O, m+4 and m + 5 forms of the fragment) and 320,321 and 323 for the infused mixture of [ 1 -13C]-and [S-methyl-2H,]methionine. Appropriate corrections were applied for interference between fragment ions (Campbell, 1974) and the data expressed as molar % excess (mpe) based on:
where R, and R, are (m+n):(m+O) ions in the sample and background (natural abundance) respectively and n is the number of labelled atoms in the methionine (i.e. 1, 3, 4 or 5). Tissue samples were homogenized in the frozen state in approximately 5 vol. cold water and protein precipitated by addition of sulphosalicylic acid (480 g/l) to a final concentration of 70 g/l. The supernatant fraction was then desalted and treated as for plasma samples (Calder & Smith, 1988 ).
Calculations The irreversible-loss rates (ILR) of [ 1-13C]-and [S-methyl-2H3]methionine were calculated as :
where Ii and I, are the enrichments (mpe) and rate of infusion (,umol/h) of methionine in the infusate and Em is the mpe of either free [1-13C]-or [S-methyl-2H3]methionine in blood or plasma.
For comparison with the ILR of [l-13C]methionine that determined from the U-13C-labelled algal infusate was based on the relative enrichment determined from the m/z values (Lobley et al. 1996) , i.e. :
These fluxes both involve the flows of non-methyl-C and include the four methionine-C atoms which are retained within the methionine -homocysteine cycle. For data on the ILR which monitors the methyl-C, and which thus corresponds to [S-methyl-,HJmethionine infusions, the relative enrichment used was :
The proportion of methionine formed by methylation of homocysteine was assessed by two approaches. First, with [U-13C]methionine, transmethylation via SAM would lead to loss of one C atom and formation of homocysteine which, if remethylated, would yield methionine with only four of the five C atoms labelled; the probability of incorporation of a 13CH3 group being considered remote, due to isotope-dilution effects. The original algal infusate contained no (m + 4) methionine (and was > 99 molar YO (m + 5) methionine) and, therefore, any present in biological fluids must have arisen via the transmethylationremethylation reactions. Thus, the value for m/z ions 324: 325 will represent the minimum proportion of methionine ILR recycled from homocysteine. The value is a minimum because an (m + 4) methionine molecule re-entering the transmethylation-remethylation cycle will not be altered further and, thus, by the current approach cannot be detected as having reparticipated in the methionine -homocysteine reaction. Due to the low frequency of production of (m+4) molecules (less than 1 in 500) the probability, and thus the associated error, of such reactions occurring is small.
For the second calculation the ILR of [S-methyl-2H,]methionine should exceed that of [ l-13C]methionine by the extent of methylation of homocysteine because, by analogous reasoning to that mentioned previously, the methyl group will be lost in the production of homocysteine from SAM, and the probability of a labelled moiety being reincorporated during formation of the amino acid is considered to be low. Label at the C-1 position will be conserved in the cycle, methionine -homocysteine, and thus will underestimate the ILR of the amino acid. 
Statistics
All data were compared by analysis of variance with animals (n4) treated as blocks throughout and analysed for effect of treatment (n 2), isotope infusion (n 2) and vascular fluids (n 2). For comparisons of treatment (with or without choline plus creatine), analyses were performed separately for blood and plasma and for the two types of isotope infusion. This only allowed 3 residual df but if data comparisons between the two types of infusion showed no significant differences these were combined, with infusion used as a nested subblock to create 7 residual df. Similarly, for blood v. plasma analyses the effect of treatment was first determined and, if not significant, data were combined, with treatment used as a nested sub-block. These followed the principles and operation of Genstat 5 (1987). The mean values for the four hourly samples taken within each measurement period were used for statistical analysis and appropriate biological calculations.
R E S U L T S
Within treatments, whole-body ILR estimated from the (m + 5) ions of U-13C-labelled algal and [S-methyl-2H3]methionine infusions were not significantly different ( Table 1) . In contrast, the methionine ILR which includes recycling from homocysteine was significantly greater based on [ l-13C]methionine mpe rather than the sum [(m + 4) + (m + 5)] of relative enrichments derived from the labelled algae (Table 2 ). For both types of infusion, blood methionine was always of lower enrichment than plasma and, thus, ILR were correspondingly greater (Tables 1 and 2) . In response to supplementation with choline plus creatine, both blood and plasma ILR based on non-recycled methionine were decreased by 1 For comparison between the ILR for the two different forms of isotope infusions there were no significant differences between treatments and the data were combined to increase the residual df to 7. are combined for both infusions at each treatment then the effect was significant (both P < 0.005; for 7 residual df) for plasma (1261 v. 992 (SFD 63.5) pmollh) and blood (1577 v. 1318 (SED 64.4) ,umol/h). There was also a decrease in the flux which does not account for the recycling from homocysteine, but this was smaller in magnitude (7-18 YO) and not statistically significant (Table 2 ) unless the data for both types of infusion were combined when, for plasma, the control v. treatment ILR were 1097 v. 937 (SED 68.2) pmollh;
The minimum proportion of methionine flux which is recycled back to the amino acid from homocysteine can be assessed from the ILR ratios, [S-methyL2H,] (Table 3) . Both methods gave similar trends in response to administration of the methylated products but the magnitudes differed (Table 3) 7 By analysis of variance; for differences between sample sites with 6 residual df.
3 By analysis of variance there were no significant differences within sites and fluid type as a result of treatment 0 By analysis of variance, data combined between treatments, 7 residual df. 11 n 4. Data based on a terminal infusion of equimolar quantities of [l-'3C]methionine and [Smethyl-2H3]methionine followed by analysis of the respective mpe of the free methionine in tissue homogenate supernatant fluids (for details, see pp. 49-50).
(3 residual df).
confidence can be placed in the values from which the data in Table 1 are derived. In both instances, however, the extent of homocysteine methylation was greater, based on blood compared with plasma (Table 3) . Some indication of the tissues primarily responsible for the remethylation can be gauged from the change in ratios in blood (plasma) from different sites (Table 4) Table 4) . Of the other tissues, only for the kidney did the ratio substantially exceed that of the infusate, while values close to unity were recorded for skeletal muscle, heart, skin and lung.
Wool growth, either for length or volume, was not affected by treatment (Table 3) , although the heterogeneous nature of wool fibres with the traditional northern UK crosses led to considerable variations in fibre diameter and shape compared with breeds specifically selected for wool quality.
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DISCUSSION
Under control conditions methionine ILR were greater than reported previously for sheep (933-1600 v. 51&880 pmol/h; Gill & Ulyatt, 1979; Pisulewski & Buttery, 1985) , although the lower values from the literature were obtained with silage rations, known to be deficient in S-amino acids. To our knowledge no ruminant data in vivo are available on the rates of remethylation of homocysteine but Dawson et al. (1981) calculated that, with sheep, to provide sufficient methyl groups to account for choline turnover of 1.8 g/d the equivalent Of 9 g SAM would be required, considerably in excess of the 2 g methionine absorbed daily.
Their calculation assumed that no dietary choline was absorbed (Neill et al. 1979) and that all choline turnover involves synthesis from triethanolamine. In practice, much of the choline is recycled from phospholipids (Emmanuel & Kennelly, 1984) . A more realistic estimate is obtained from rates of choline oxidation and excretion and, as the former has been estimated at between 0 and 2 YO of choline flux in sheep and lactating goats (Neill et al. 1979; Emmanuel & Kennelly, 1984) , the use of these values would reduce methyl group requirements from 45 mmol/d (Dawson et al. 1981 ) to less than 1 mmol/d. Such overestimates of methyl group requirements may also apply to calculations for the nonruminant (Mudd & Pool, 1975) , although for these species rates of choline oxidation considerably exceed those in ruminants (Ferger & Vigneaud, 1950) due to greater activity of hepatic choline oxidase (EC 1.1.3.17; Xue & Snoswell, 1986) .
A greater drain on methylation status than choline turnover may involve urinary elimination of creatine and carnitine, resulting in losses of 8 and 0.8 mmol methyl group equivalent per d respectively (Henderson et al. 1983) , proportionally similar to the losses in human subjects (Mudd & Pool, 1975) .
Together these minimum requirements are approximately 10 mmol/d, within the reported values for methionine ILR, although other demands on SAM, e.g. syntheses of sarcosine, methylated amino acids etc. and DNA base methylation, have yet to be quantified. In human subjects the necessity for activation of the methionine-homocysteine cycle appears to be low as rates of remethylation, calculated from plasma kinetics, were only 8 and 17% of ILR in the fasted and fed condition respectively (Storch et al. 1988) . Based on related methodology (the dual-isotope procedure rather than use of multi-labelled methionine), remethylation in the sheep appears to be of comparable magnitude, despite the poorer absorption of diet-based methyl groups. The values from the U-13C kinetics were somewhat greater but remethylation was still less than 30 YO of methionine ILR. The index of methionine recycling in vitro for sheep liver slices yielded a similar low value (016), approximately one-third that observed for the rat (Xue & Snoswell, 1985) . This was attributed to the lower activity of betaine-homocysteine methyltransferase (EC 2.1 . 1 . 5 ; BHT) in the ovine liver, with methionine cycling being equally dependent on 5-methyltetrahydrofolate-homocysteine methyltransferase (EC 2.1 . 1 .13 ; MFHT; Xue & Snoswell, 1985 , 1986 . Both enzymes are distributed between ovine tissues ; skeletal muscle contains 50 YO more of total MFHT activity than liver, although no BHT (Xue & Snoswell, 1985) .
The greater amount of methionine recycling appears to be associated, however, with the splanchnic tissues, based on the changes observed for both vascular and tissue kinetics. No data appear to be available for activities of the enzymes in ovine GIT tissues, but the current results indicate these are major sites for methionine metabolism. Consequences of the short half-lives of GIT epithelial cells include requirements for synthesis of polyamines, products of SAM catabolism (Bardocz et al. 1989) , and formate, derived from methionine transmethylations, for purine-base production (Boss, 1985) . The importance of the liver in transmethylation reactions is long recognized as it is the primary site for phospholipid, sarcosine and creatine synthesis, while bile contains substantial quantities of choline.
Thus, it appears that under nutritional conditions of energy and N equilibrium both human subjects and sheep exhibit similar rates of methionine recycling, despite the probable differences in methyl group supply from the diet. The remethylation of homocysteine can be suppressed, however, by provision of methyl group acceptors. Although not demonstrated for the sheep, in other mammals and chickens hepatic biosynthesis of creatine is inhibited by creatine provision (Walker, 1960) . The mechanism does not appear to involve reduced activity of the guanidinoacetate methyltransferase (EC 2.1 . 1 .2), but rather the preceding step of formation of the substrate guanidinoacetate is blocked proportionally. For this reason the amount infused was matched to normal urinary output (Henderson et al. 1983) . The amount of choline infused (4 mmol/d) in the present study was approximately 25 % of turnover (Dawson et al. 1981) and in excess of that normally oxidized (Neil1 et al. 1979) . Thus, theoretically, synthesis in vivo should not be required. The changes in remethylation of homocysteine achieved suggest that first, unidirectional methionine ILR normally provides insufficient methyl groups to meet the demands of the animal and second, methionine cycling is sensitive to metabolic supply. In a converse situation addition of the methyl donor, betaine, to ovine liver slices increased the rate of methionine recycling (Xue & Snoswell, 1985) .
Although remethylation of homocysteine was inhibited by provision of the two methylated products, this only produced a small change in methionine TLR, which indicates that under the nutritional conditions employed cycling is not a major determinant of total flux. For the dual-isotope infusion there appeared to be complete suppression of recycling, which would fit with the hypothesis examined that provision of the major required methyl groups would reduce (eliminate) the need for a trans-and re-methylation cycle. The data on which these are based, however, are restricted to movements through blood and plasma. The transmethylation process occurs within the tissues and the exchange with the vasculature may alter under the experimental conditions employed, although the intracellular reactions may still continue, albeit at a different rate. To examine this further would require a terminal study, similar to that performed but where choline plus creatine are also infused. Another feature not monitored in the present study was whether the partition of ILR between protein synthesis and amino acid catabolism (through either the trans-sulphuration or transamination pathway) altered. The consecutive infusions of the U-13C-labelled algal hydrolysate and the dual-isotope mixture precluded measurement of methionine oxidation during the latter, although the lack of increase in wool growth might indicate that extra flows through the trans-sulphuration pathway did not occur. Alternatively, opportunities for increased anabolism might be restricted under conditions close to N equilibrium where the homeostatic rather than homeorhetic needs of the animal have to be met. In productive situations greater responses might be attained and, indeed, in lactating goats infusion of choline increased both milk protein concentration and content (Sharma & Erdman, 1988) . Even greater responses were observed when 2-amino-2-methyl-1-propanol, an inhibitor of methylation of ethanolamine to choline, was administered. Reduction of methyl group flux demands on methionine metabolism, therefore, may offer production benefits to ruminants and might be easier to achieve by either nutritional or genetic manipulation rather than alteration of methionine supply.
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